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Stability and electronic properties of carbon phosphide compounds with 1:1 stoichiometry
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The stability and electronic properties of various structures of carbon phosphide as well as other possible
group V-V compounds with 1:1 stoichiometry have been examined using first-principles calculations. Similar
to CN, layered structures of CP are found to be energetically stable. Among all the structures considered in this
study, the GaSe-like layered structure with fourfold coordination of group-IV atoms and threefold coordination
of group-V atoms is energetically favorable for all group V-V compounds except for the heaviest compound
SnSb. The low-energy GaSe-like structure of CP has semiconductor characteristics, while other structures show
metallic properties. With gradual change of group-IV element from C to Sn, and group-V element from N to
Sh, sp® hybridization becomes energetically favorable.
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Due to the novel microstructures and extraordinary com- The casTep code®® with the ultrasoft pseudopotentids
bination of physical and chemical properfiesf carbon ni- and the generalized gradient approximati@GA-PW91)*
tride, there has been a large amount of research worldwid®r exchange and correlation, was used in our calculations.
on growing carbon nitride and related materials since théVe used a cutoff energy of 310 eV in the plane wave expan-
existence of3-C;N, and its properties were predictéd. sion and speciak points generated by Monkhorst-Pack
B-C3N, with expected hardness, as well as other, PNases  schemé& for integration over the irreducible part of the Bril-
with various C/N ratios have been successfully grown. Thdouin zone. Using the Broyden-Fletcher-Goldfarb-Shanno
measured properties ¢8-CsN, and a-C3;N, are in good (BFGS schemé? geometry optimization were performed
agreement with predictions @b initio calculations’ under the preselected space group for the CsCl, NaCl, and

Recently, the synthesis of amorphous carbon phosphideinc blende(ZB) structures while full structural relaxations
films using radio frequency plasma deposition method hascell plus atomic positionswere carried out for other struc-
been reported by Pearet al* The P/C ratios were found to tures. The symmetry of the optimized structure in the latter
be as high as 3:1 with-10% H. Different P/C ratios can be case was then determined by examining the optimized struc-
achieved by controlling the ratio of BHCH, in the gas tures with a 0.05 A tolerance.
mixture during the synthesis of carbon phosphide films. The total energies of CP in various structural forms are

The successful example o8, demonstrated the power shown in Fig. 1 as functions of volume per atom. The struc-
of first-principles methods in predicting properties of newtural details are also given in Table |. The CsCl structure and
materials. It would be useful to perform such calculations orthe GeP-like structufehave much higher energies than the
carbon phosphide to understand its structural and electroniather structures and the results are not shown in the figure.
properties. In an earlier workywe have examined the stabil- However, the results of the CsCl structure are included in
ity of various structural forms of £, using first-principles  Table | for comparison. The high total energies of the CsCI-
calculation§ based on the density functional thed®FT).”  and GeP-like phases indicate that they are energetically un-
Our results showed that the pseudocubic pHdséect zinc  favorable compared to other structures.
blende structuteof CsP, is more stable than many other ~ As in the case of carbon nitridethe rocksalt(NaCl)
possible structures such as 3, cubic, and graphitic §P,.>  structure of CP is found to be mechanically unstable. It may
Our calculations also predicted that all the structures considransform to the3-tin structure or relax to the rhombohedral
ered show anomalous metallic characteristics within the locastructure. Interestingly, thg-tin phase of CP is more stable
density approximatiofiLDA ). than ZB phase in contrast to normal Ill-V and II-VI semi-

In this work, we extend out investigation to carbon phos-conductors. The low cohesive energies of CsCl, NaCl, and
phide as well as other group IV-V compounds with a 1:1ZB phases of CP suggest that stable CP is not likely to adopt
stoichiometry. Several possible crystal structures were cora cubic structural form. Rather, these high density cubic
sidered which included the eight structures suggested bghases will transform into the tetragongitin phase or the
Cote and Cohen for CRij.e., rocksalt(NaCl), zinc blende rhombohedral structure, with their density decreasing to
(ZB), rhombohedralirhom), bct4, H-6, GeP,B-InS, and  3.780 or 3.773 g/cfand their cohesive energy increasing to
GaSe. We also considered other structures such as the Cs@l977 or 4.980 eV/atom, respectively. The tetraggBdin
like bcc structure and thegg-tin structure. First principles and rhombohedral structures have very similar densities and
calculations based on the DFT were performed to examineohesive energies. The difference between the cohesive en-
the stability and electronic properties of these structures. ergies of the two structures is only 0.003 eV/atom while the
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FIG. 1. Total energiegseV/atom of various phases of CP are
shown as a function of volume €Aatom).

difference in their densities is as small as 0.007 §/cThis
indicates that mixed phases of tetragogdin and rhombo-

PHYSICAL REVIEW B57, 153105 (2003

¢ C

(snde view) (top view)
GaSe-like structure

FIG. 2. Side and top views of CP compound in the GaSe struc-
ture which is predicted to be the most stable structure of CP. The
positions of C(or P) atoms in the eight-atom hexagonal unit cell in
terms of the lattice vectors arez(2/3,1/3w) and +(1/3,2/3w+1/2)
wherew(C)=0.19226 andv(P)=—-0.37072.

atoms per unit cell structures are three dimension@D)
structural forms withs p? bonding. Similar to CN, our calcu-
lations show that CP compounds in both structures have
lower energy compared to the cubic phases such as the CsCl
and the NacCl structures. Only the structural information of
bct4 are given in Table | since its total energy is lower than
that of theH-6 structure. The cohesive energy of CP in the
bct4 structure is 5.114 eV/atom, which is larger than those of
the ZB, B-tin, and rhombohedral structures.

hedral structures are highly possible in synthesized CP films. We also considered two layered structures which are simi-
The H-6 (hexagonal structure with six atoms in a unit lar to the 8-InS (orthorhombi¢ and GaSehexagonal (Fig.
cell) and the bct4body-center tetragonal structure with four 2) structures, respectively. It was found that these two struc-

TABLE I. The calculated structural propertiespace group, density, lattice parameters, and bulk modulus
(B)] and cohesive energyE() of carbon phosphide with 1:1 stoichiometry.

Structure Space group Density Lattice parameters B Econ
(g/lemd) A) (GPa (eV/atom
CsCl PmM3m (221 4.104 a=2.591 170 3.465
NacCl Fm3m (225 4.135 a=4.102 223 4.508
ZB F43m (216) 3.881 a=3.538 182 4.890
B-tin 14m2 (119 3.780 a=4.712 205 4.977
c=3.402
Rhom. Cm (8) 3.773 a=4.719 183 4.980
b=3.305
c=2.820
B=120.6°
BCT4 141md (109 3.198 a=2.925 209 5.114
c=10.434
B-InS Pbnm (62 2.644 a=4.987 77 5.242
b=7.618
c=2.842
GaSe P63mmc (194 3.032 a=2.850 106 5.423
c=13.389
y=120°
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TABLE II. Bulk moduli of phosphides.(Experimental bulk
moduli of AIP, GaP, and InP are from Ref.)17

Alloy BP CP(GaSe AlP  GaP InP

B (GPa 173 (Ref. 16 106 (this work 86.0 88.7 71.0

tures are energetically more stable than all other structures
considered in this work. The cohesive energy of CP in the
B-InS structure is 5.242 eV/atom and that of the GaSe struc-
ture is 5.423 eV/atom. Due to the layered arrangement of
carbon and phosphorus, the densities of these two phases are
low compared to the 3D structures. The density of CP in the
GaSe structure is 3.032 g/émwhile that of theB-InS struc-

ture 2.644 g/crfy, lowest among all the structural forms con-
sidered in our study.

Energy (eV)

Among the structures under consideration, CP in the NaCl A L M r A H K T
structure has the largest bulk modul@23 GPa, which is
similar to the bulk modulus of Si§224 GPa(Ref. 14]. FIG. 3. The calculated band structure of CP in the GaSe struc-

However, due to the high total energgmall cohesive en- ture (hexagonal The Fermi energy is located at 0 eV.
ergy) of the NacCl structure, CP is not likely to exist in the
NaCl phase at ambient pressure. The bct4 and the rhombétrated by the fact that the low-energy structural phases of
hedral structures have relatively high bulk moduli, i.e., 209CP (the B-InS and the GaSe phageme those of the I1I-VI
and 183 GPa, respectively. However, both of them arg€ompounds which also have nine valence electrons per for-
smaller than that of SiC, but comparable to that of AR06  mula unit. Further analysis of the bonding configuration of
GPa(Ref. 19], and larger than that of BPL73 GPa(Ref.  the optimized CP structure reveals that CP tends to be stabi-
16)]. As expected, the layered structures are soft. BHaS  lized with fourfold bonding of C and threefold bonding of P,
structure is the softest phase with a bulk modulus of 77 GPavhich is consistent with the number of valence electrons
while the GaSe structure, with a bulk modulus of 106 GPa, igieeded in C and P atoms to close the electronic shell. Inter-
only slightly harder than thg-InS structure. Compared with estingly, we also found that stable;R in the pseudocubic
group llI-P semiconductors, the most stable structural formphase have the same bonding characteristics, i.e., fourfold
of CP, i.e., the GaSe structure, is the second hardest, next fonding of C and threefold bonding of P. The difference
BP which has a bulk modulus of 173 GFaas shown in between the bonding configurations of CP in the GaSe phase
Table 1. and pseudocubic-P, is that a carbon atom in CRGaSe

In our earlier work on gP,,° it was found that GP, inall ~ forms three C-P bonds and one C-C bond with its neighbors
the structures considered are metallic within LDA. In ourwhile the carbon atom in pseudocubigf is bonded to
present study of CP, we also found that all structural forms ofour phosphorous neighbors.
CP exhibit metallic characteristics within GGA, except the  To further verify the bonding configuration and structural
GaSe-like structure which has significantly different elec-stability, we carried out a systematic investigation on the
tronic properties. The GaSe phase of CP shows semicondustability of other group IV-M1V =C, Si, Ge, Sn and ¥N, P,
tor characteristics with direct band gap of 1.60 eV located af\s, SH compounds. The results are given in Table Ill. For
theK point in the Brillioun zone, as shown in Fig. 3. The real each compound, three typical structures were considered.
band gap of CP should be slightly larger since it is well The ZB structure representp® bonding and the bct4 is a
known that GGA underestimates the band gap of semicortypical structure withsp? bonding. The GaSe phase is also
ductors. The opening of the energy gap near the Fermi erincluded because it is the most stable phase for most of the
ergy in turn enhances the stability of CP in the GaSe strucstructures. In addition, the total energies of the three phases
ture. for each structure, we also presented the differences of the

Analysis of bonding configuration is useful to understandtotal energies of the bct4 phase and the GaSe phase relative
structural stability. The GaSe structure of CP has uniquéo that of the ZB phase for each compound in Table Ill. The
bonding configuration compared to the other structures. Herenergy difference between the BCT4 phase and the ZB phase
the carbon atom has fourfold coordination while the phos-AEgye sp3=Ep—Ezg, reveals the relative stability of
phorous atom has threefold coordination. CP with the 1:1hese two phases and can be used as an indicator for pre-
stoichiometry has nine electrons per chemical formula whicHerred bonding configuration in a given compound. A posi-
is one electron more than the eight electrons required to forrtive AEgz 53 means that the energy of the bct4 phase is
the tetrahedral bonding as in a typical IlI-V or 1I-VI semi- higher than that of the ZB phase, and therefore, the ZB phase
conductor. It is therefore not surprising that CP does nots more stable, which implies thap® bonding is favored for
adopt the ZB or rocksalfNaCl) structure. On the contrary, the given compound, and vice versa. The results obtained for
CP (and other IV-V type compoungi€an be expected to be the various compounds considered show clearly that when
more stable in other unstoichiometric forms. This is demon+the group-IV atom is gradually changed from C to Sn and the
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TABLE lIl. Comparison of stability of structures witep® hybridization (e.g., ZB structureand s p?
hybridization(e.qg., bct4 structupefor C-V (V=N, P, As, Sb and IV-P(IV =C, Si, Ge, Shcompounds. The
total energies of group IV-V compounds in GaSe structure are also shown for comparison. All energy values
are given in eV/atom.

Total energy

Type Alloy Ezs Epcra Egase AEgp s Bonding  Egass Ezs
(3D sp°) (3D sp?) (Ebcta— Ezg)
C-v CN —211.8703 —213.1402 —213.8763 —1.2699 sz —2.0060
CP —167.6712 —167.8949 —168.2045 —0.2237 sz —0.5333
CAs —164.1814 —164.2435 —165.0164 —0.0621 sz —0.8350
CSb —153.5312 —153.3661 —154.1676 +0.1651 Sp3 —0.6364
IV-P CcP —167.6712 —167.8949 —168.2045 —0.2237 sp? —0.5333
SiP —144.5312 —144.1273 —144.9324 +0.4039 Sp3 —0.4012
GeP —144.9288 —144.4934 —145.1816 +0.4354 Sp3 —0.2528
SnP  —139.4868 —139.1079 —139.6087 +0.3789 sp® —0.1219

first-principles pseudopotential calculations. It is found that
. : the GaSe-like layered structure with fourfold coordination of
becomes energetically favorable as comparesigfohybrid- the group-IlV atoms and threefold coordination of the

ization.
. -V h le ph f P h
We have also calculated the total energies of all the posgrOUp atoms are the most stable phase for CP and other

. group V-V compounds with 1:1 stoichiometry, except for
sible phases for each compound. It was found that all OPhe heaviest compound SnSh. This low-energy GaSe-like

these compounds, except SnSb, stabilize into the GaSe struggycture of CP exhibits unique semiconductor characteristics
ture. However, as the group-IV atom is gradually changedyith a direct band gap of 1.60 eV within GGA, which is in
from C to Sn and group-V atom changed from N to Sb, thesharp contrast to the metallic behaviors we found for other
stability of the GaSe phase become less prominant, as show§gryctural forms of CP considered in this study angPCin
by the energy differences between the ZB phase and theur previous work. Our first-principles computational results
GaSe phase given in Table IIl. suggest various possibilities for designing carbon phosphides
In summary, we have investigated the stabilities of CP andvith interesting electronic properties in terms of composition
other group V-V compounds with 1:1 stoichiometry, using and structural forms.

group-V atom changed from N to Sksp® hybridization
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